Objective-This study investigated changes in fat free mass (FFM) and skeletal muscle (SM) five years after surgery in participants from the Longitudinal Assessment of Bariatric Surgery-2 trial.
INTRODUCTION
For people with severe obesity, bariatric surgery is now considered the most effective method of achieving significant weight loss and maintaining a reduced weight over time. The Utah Obesity Study reported body weight to be 35% lower two years after gastric bypass surgery, with average percent weight of 28% and 27% below pre-surgery weight at six and 12 years, respectively (1) . This rapid and sustained weight loss resulting from what are now termed "metabolic" surgical procedures is accompanied (and even preceded) by a near-immediate improvement in metabolic co-morbidities such as type 2 diabetes mellitus (2), with sustained benefits in a majority of patients at least 8 years after surgery (3).
Non-surgical intervention studies indicate that extreme calorie restriction, lack of exercise, and losing weight rapidly result in greater relative reductions of fat-free mass (FFM) during weight loss (4) . A similar observation was made in surgical interventions, where procedures that produce a greater magnitude of weight loss also result in a higher percentage loss of FFM (4) . Although losing some FFM is expected with weight loss, excessive FFM loss is undesirable as it negatively impacts regulation of metabolic rate, the integrity of skeletal muscle, and preservation of functional capacity in aging (5) .
Recent studies have assessed FFM in bariatric surgery patients soon after weight loss compared to weight-and age-matched controls and found the same or even greater FFM than expected within their BMI category (6, 7) . While these findings appear promising for bariatric surgery patients, it is important to note that most of the studies of FFM after surgically-induced weight loss do not extend beyond the initial weight loss period (1-2 years) (4, 8) . Further, many of these short-term studies rely on body composition assessment methods that have not been sufficiently validated in patients with severe obesity or in those who have lost significant weight. Key assumptions such as tissue hydration (9) , for example, differ significantly in these patients when compared to normal-weight controls (10, 11) , and may yield invalid results.
Essential to our understanding of both short-and long-term effects of bariatric surgery on FFM are longitudinal trials with repeated measures of body composition using reliable methods in these patients. A three-compartment (3C) model takes into account hydrationassociated variance within patients with severe obesity before and after surgery, and is considered a gold standard for FFM assessment in this population (12) . Skeletal muscle, a primary component of FFM, is critical to mobility and metabolic health for post-surgery patients. While dual-energy X-ray absorptiometry (DXA) estimates are well-accepted for assessing body fat, accuracy may be reduced in patients with severe obesity due to greater trunk thickness (13) . Whole-body magnetic resonance imaging (MRI) is considered a gold standard for skeletal muscle quantification (14, 15) .
The purpose of this study was to assess FFM using a 3-compartment model and SM using whole-body MRI in bariatric surgery patients 1, 2, and 5 years post-operatively to investigate how the lean tissue component of body weight changes with extreme weight loss, subsequent maintenance, or weight regain.
METHODS

Surgery participants
Between November 2006 and February 2009, 105 bariatric surgery patients participating in the Longitudinal Assessment of Bariatric Surgery-2 (LABS-2) trial, which has been described previously (16, 17) also enrolled in an ancillary body composition study (18, 19) conducted at two of the LABS-2 collection sites: Weill Cornell Medical College (WCMC, n=53) and University of Pittsburgh Medical Center (UPMC, n=52). As reported previously (18) , 100 participants proceeded to have one of four bariatric surgery procedures: Roux-en-Y gastric bypass (RYGB), sleeve gastrectomy (SLEEVE), adjustable gastric band (BAND); and biliopancreatic diversion with duodenal switch (SWITCH). Seven patients from the WCMC site (two males who underwent SLEEVE and one who underwent BAND, and four females who underwent SWITCH) were excluded from current analyses due to insufficient numbers to conduct comparisons by surgical procedure. LABS-2 is a prospective, observational cohort trial that did not introduce any dietary or exercise intervention beyond the standard pre-and postoperative recommendations given patients at its surgical centers. Patients self-selected surgical procedure with a LABS-certified surgeon (16) . All studies were approved by the Institutional Review Boards of St. Luke's-Roosevelt Hospital and Columbia University (where body composition of Weill Cornell patients was assessed) and the University of Pittsburgh, and written informed consent was obtained.
Body composition measures
Body weight (Weight Tronix, New York, NY; and Scale-Tronix, Wheaton, IL), height (Holtain; Crosswell, Wales-New York), and body density (Bod Pod; (Cosmed, Chicago, IL; software version 2.3) measurements were obtained. Total body water was assessed by deuterium dilution, where a ~0.1g/kg oral dose of D 2 O was ingested immediately following a venous blood sample drawn from an antecubital vein. A second blood sample was drawn after 3 hours. A three-compartment (3C) model was used to estimate fat mass: (20) fat (kg) = 2.122 × (BW/d) -0.779 × TBW -1.356 × BW, where BW is the body weight in kilograms, d is the body density derived from BodPod, and TBW is the total body water in kilograms. Fat free mass was derived as the difference between body weight and fat mass.
Skeletal muscle mass was measured using a whole-body multi-slice MRI protocol, as previously described (21, 22) . A subset of participants whose body size was fully accommodated within the MRI field-of-view, from the New York and Pittsburgh sites were placed on a 1.5 T MRI scanner (GE, 6X Horizon, Milwaukee, WI) table and scanned with arms above their heads. Approximately 40 axial images with 10 mm thickness and 40 mm interslice gap were acquired across the entire body. SliceOmatic image analysis software (Tomovision, Montreal, CA) was used by a single image analyst at the New York Obesity Nutrition Research Center to tag skeletal muscle on each image. Skeletal muscle volume was converted to mass using an assumed density of 1.04 kg/L (23). The coefficient of variation for skeletal muscle obtained from a repeat blinded analysis of the same wholebody MRI by a single analyst in our lab is 2.4%.
All body composition assessments were conducted an average of 1.3 weeks prior to surgery (T0), and repeated at follow-up visits that were on average 1.1 years (T1), 2.1 years (T2), and 5.1 years (T5) after surgery.
Statistical analysis
Descriptive statistics were calculated for all variables. For continuous variables, number, mean, and standard deviation are reported and for discrete variables number and percentage are reported. The dependent variables, weight, FFM, FFM/weight, SM, SM/weight, and SM/FFM were analyzed using a mixed model analysis of variance which utilized all available data in the analysis and allows for subjects with missing data to be included in the analysis. The SAS procedure, PROC MIXED, was used to perform all calculations. Due to the distribution of gender and surgery type, two analyses were performed. The first analysis was restricted to females and considered surgery type and observation as independent variables. For this analysis, the mixed model included adjustment for surgery type, observation time, and the interaction between surgery type and observation time as fixed effects. Subjects were indicated as a random effect with an unstructured covariance matrix. The second analysis was restricted to subjects with RYGB surgery and included males and females. For this analysis, the mixed model included adjustment for gender, observation, and the interaction between gender and observation time as fixed effects. Subjects were indicated as a random effect with an unstructured covariance matrix. The LSMEANS option was used to estimate the mean and standard error of the mean at each observation for each surgery type in the first analysis, or for each gender in the second analysis and are reported as adjusted means and standard errors of the mean. The ESTIMATE statement was used to estimate the change between observations in the dependent variable for each level of the surgery type, first analysis, or gender, second analysis and to compare the changes between surgery type or gender. To assess the effect of age or total body water on these relationships, all models were repeated with either baseline age or total body water included as a covariate. All statistical calculations were performed using the SAS statistical software procedure (version 9.4). The level of significance for all statistical tests was taken as 0.05.
RESULTS
Of the 93 participants included in this study, 79 were female: 53 were Caucasian, 14 African American, 11 Hispanic, and one Asian; 10 of the 14 males were Caucasian, one was African American, and three were Hispanic. Included males had a mean age of 46±15 years, a presurgical BMI of 44.7±4.1 kg/m 2 , and all underwent RYGB. Females were age 44±11 years and pre-surgical BMI was 45.7±7.0 kg/m 2 .
Unadjusted means and standard deviations for body weight, FFM and skeletal muscle mass at T0, T1, T2, and T5 are presented separately for females by three surgical procedures and for males who had RYGB in Table 1 . The first analysis included females only and investigated mixed model adjusted means and differences across time to compare the effects of three surgical procedures ( Table 2 ). The mean pre-surgery body weight was not different between the RYGB and BAND groups, but was respectively (mean±SE) 22.5±6.3 kg and 29.5±8.4 kg less than the average pre-surgical weight of the SLEEVE group (p<0.001 for both). Absolute FFM did not differ between the three groups before surgery. Expressed as a percentage of pre-surgical body weight, SLEEVE had less (−3.9±1.5%, p<0.05) FFM than RYGB, but did not differ from BAND in this female sample.
FFM change during post-surgical weight loss (T0 -T1)
Significant weight loss occurred in all female surgical procedure groups during the first postoperative year (Table 2) . Expressed as a percentage of adjusted pre-surgical means, total body weight loss (%TBWL) at T1 was 35.0%, 27.7%, and 13.0% for RYGB, SLEEVE, and BAND groups, respectively. The magnitude of weight loss varied by procedure, with RYGB and SLEEVE losing 28.1±3.9 kg and 25.3±5.1 kg, respectively, more body weight than BAND (p<0.0001) in the first year. Concomitant FFM loss occurred from T0 to T1 in all procedure groups, although the magnitude of FFM loss was significantly greater in RYGB (−6.9±0.6 kg) compared to BAND (−3.5±1.4 kg; p<0.05). FFM expressed as a percent of total body weight increased by 17.5±1.0% in RYGB, a significantly greater change than either SLEEVE (9.1± 2.5%; p<0.005) or BAND (3.8±2.3%; p<0.0001).
FFM during weight maintenance phase (T1-T5)
No significant changes in body weight occurred for any group from T1-T5. RYGB females lost 1.4±0.7 kg (p<0.01) of FFM from T1 to T2, and an additional 1.9±0.7 kg (p<0.005) from T2 to T5, with a total FFM loss of 3.3±0.7 kg from T1 to T5 (p<0.0001), despite no significant change in body weight over the same period. FFM did not change significantly in SLEEVE or BAND from T1 to T5. FFM expressed as a percentage of total body weight in RYGB (59.8±1.4%) remained significantly higher compared to SLEEVE (51.7±2.8%, p<0.05) or BAND (50.6±2.7%, p<0.005), despite a decrease of 3.7±1.4% (p<0.05) from T1 to T5.
Skeletal muscle and FFM changes during RYGB-induced weight loss in the MRI subset
The second analysis in this study was on a subset of RYGB patients with whole-body skeletal muscle quantified by MRI on at least one visit (Table 3) . Mixed models revealed a main effect of sex for all variables, but no difference in the pattern of change across time.
Similar to the full sample, this subset lost significant weight (females: −37.9 kg; males: −43.0 kg; p<0.0001) and FFM (females: −6.1 kg; males: −8.7 kg; p<0.01) from T0 to T1. Skeletal muscle decreased in females and males (−5.9 kg and −8.0 kg changes, respectively; both p<0.0001) from T0 to T1. Approximately 15% of the weight loss from T0 to T1 was muscle in females, and 19% in males. In a subset of 14 females who underwent RYGB and had complete data for FFM and SM, the positive relationship between muscle and FFM remained linear and the slope of the regression line was not different after post-surgical weight loss (Figure 1 ). Expressed as a percent of total body weight, skeletal muscle increased in females (+4.4%, p<0.0001) and males (+5.4%, p=0.0001) from T0 to T1.
Skeletal muscle and FFM changes in the RYGB MRI subset from T1-T5
Females who underwent RYGB maintained weight and FFM from T1 to T2, and gained 7.1 kg of body mass from T2 to T5 (p<0.005), with a total weight change of +5.6±2.1 kg (p<0.05) from T1 to T5. The average %TBWL for this subset at T1 was 32.3%; at T5 it was 27.6%. Among these females, FFM decreased (−2.4±0.9 kg; p<0.05) from T1 to T5. Absolute skeletal muscle mass did not change significantly after the first year. However, with a significant weight gain from T1 to T5, skeletal muscle expressed as a percentage of total body weight decreased 1.8±0.5% (p<0.005), but remained 2.5±0.7% greater than the 21.8% measured prior to surgery (p<0.05).
In males, average %TBWL at T1 was 31.3%; at T5 it was 23.3%. No significant changes in FFM or skeletal muscle occurred from T1 to T5. However, when expressed as a percentage of total body weight, skeletal muscle decreased 3.2±1.0% (p<0.01) over this period, and was no longer significantly greater than pre-surgery levels (p>0.15).
Effect of age or total body water on changes in body composition after bariatric surgery
In a post-hoc analysis, baseline age was added as a covariate in each of the models to determine whether body weight, FFM, or SM changes after surgery were significantly influenced by age. When comparing females in three surgery groups (Table 2) , age was significant in body weight (p<0.05) and FFM (p<0.0001) models, but none of the contrasts differed from the original analyses. In the comparison of males and females who had MRI SM data (Table 3) , age was not significant in the body weight model, but was significant in FFM (p<0.005) and the SM (p<0.01) models. Adding baseline age to the FFM model rendered the T2-T5 change non-significant (age-adjusted: −1.3 (0.7), p=0.07; compared to non-adjusted: −1.5 (0.7), p=0.04).
A similar analysis was conducted to determine the effect of TBW on changes in FFM across time. The effect of total body water was significant in the FFM model (p<0.0001). However, its inclusion only affected the BAND group, rendering the T0-T1 decrease in FFM nonsignificant (p>0.15) and the decline in FFM from T2-T5 became significant (TBW-adjusted: −1.0 (0.5), p<0.05; compared to non-adjusted: −0.9 (1.0)).
DISCUSSION
This study describes the unique course of FFM and skeletal muscle changes across 5 years after bariatric surgery. During the dramatic weight loss phase in the first post-operative year, FFM decreased significantly in females, regardless of surgery type. Subsequent changes in body weight and FFM were minimal, indicating general maintenance from T1 to T5. In men and women with MRI-measured muscle mass who underwent RYGB surgery, changes in skeletal muscle generally mirrored those of FFM, decreasing the first year and then maintaining during the subsequent four years.
Early observations by Forbes (24) point to a close linkage between body weight and FFM, such that some FFM loss is expected during body weight loss. Indeed, results from numerous studies have shown FFM losses of similar magnitude or greater than this study during rapid weight loss in the first 1-2 years after RYGB (7, 25, 26, 27, 28, 29, 30) , SLEEVE (7, 25, 28, 29) , and BAND (7, 26, 27, 31, 32, 33) procedures. The rate and amount of FFM lost during these initial post-operative years may vary by surgical procedure, extent of weight loss, and possibly assessment method. A previous study by Das et al. assessed FFM loss by 3C model in RYGB females and reported that 23% of total weight loss was FFM over 14.4 months (34). In the current study, the percent of total weight loss that was FFM during the first year ranged from 16% to 23%, with RYGB males and females averaging between 16% and 19%, and females with SLEEVE and BAND procedures at 17% and 23%, respectively. When considering the extent of weight loss occurring in the first post-operative year, the FFM loss observed was not excessive, and is well within the ranges of studies using 3C model (34) and DXA (26, 27, 29, 33, 35) .
A novel aspect of this study is whole-body MRI quantification of muscle mass across five post-surgical years in male and female RYGB patients. Not surprisingly, males had greater body weight, FFM, and skeletal muscle prior to surgery and throughout the study, but initial weight loss and long-term maintenance trajectories did not differ from females. Although the average percentage of FFM that is skeletal muscle in this subset ranges between 41.5% and 50.0%, a high percentage of FFM lost in the first year was skeletal muscle for females (96.7%) and males (92.0%). This loss of skeletal muscle among fat-free tissues in the first year underscores the importance of recommendations for exercise (36) , and in particular, strength training as a means of attenuating muscle atrophy during the weight loss period.
The significant increase in weight observed in RYGB women from T1-T5, coupled with a decrease in FFM over that same period, indicates that post-surgical weight gain is neither FFM nor muscle. A large Swedish population-based cross-sectional study using DXA recently reported that FFM does not appear to decline until beyond 60 years of age (37), seemingly contradicting the notion that age is related to decreases in FFM for middle-age adults. However, a weakness of cross-sectional design for aging studies is that different samples of people are used at each observation, introducing potential selection and even survival bias across age categories. Forbes' observations of long-term FFM changes in longitudinal studies (24) establishes that although changes in FFM across time are highly related to changes in weight, adults who maintain their weight ultimately lose approximately 1.5 kg of FFM per decade, and this rate of decline is greater in sedentary individuals. While the RYGB females in our study lost FFM during a period of weight gain, the rate of FFM loss was commensurate with rates observed in longitudinal studies of sedentary individuals during the normal course of aging.
The skeletal muscle component of FFM was essentially maintained after the first postoperative year in both males and females who underwent RYGB. This observation is encouraging for bariatric surgery patients, given that a single cross-sectional study of MRIquantified whole body skeletal muscle has reported an age-related decline in SM after age 45 (38). A post-hoc analysis of the FFM and SM changes in the current study indicate an age effect that, although significant in FFM, did not modify the pattern of change in a meaningful way. These 5-year prospective data contradict the notion that a malabsorptive bariatric surgery procedure is detrimental to skeletal muscle mass, particularly after initial weight loss. However, several intervention studies demonstrate that exercise, even without increasing muscle mass, improves strength and physical function within post-surgical patients (39, 40). Thus, the effects of exercise training may be beneficial to maintain functionality in the face of fat regain.
Although this study has several strengths, including gold-standard assessments of FFM and skeletal muscle with repeated measures extending five years after bariatric surgery in a sample with some racial/ethnic diversity, there are some limitations. First, MRI skeletal muscle was obtained on a subset of participants prior to surgery, largely due to size limitations of the MRI scanner. This limited the pre-surgical sample size, particularly in males. In addition, 5-year follow-up data were available in only 62% (58 of 93) participants. To take advantage of the information provided by all available data and to facilitate comparisons across multiple time points, we chose a mixed models approach to account for missing data. There is a possibility that our results reflect a completers bias if the missing values in the model were not representative of the entire sample. However, the similar weight and FFM changes between subjects with and without MRI skeletal muscle support the validity of study outcomes. Second, we had too few patients with MRI data who underwent procedures other than RYGB to adequately describe and compare skeletal muscle changes between surgery groups. Skeletal muscle changes in other procedures may differ from those observed in RYGB. Third, we did not measure physical activity or protein intake in these participants; both of which could have affected the time course of changes in FFM and/or skeletal muscle after surgery.
In conclusion, we found no evidence of a disproportionate FFM loss after bariatric surgery, given that FFM loss was 16-23% of the total weight loss in the first post-operative year. Skeletal muscle accounts for almost all of the FFM lost in RYGB patients during postsurgical weight loss, however. Both FFM and skeletal muscle are well-maintained after the first year, with subsequent changes either non-significant or at rates of decline commensurate with aging. Designing and implementing strategies such as increasing physical activity and incorporating muscle strengthening into the lifestyle of post-surgical patients remain important targets of research, as it may enable patients to attenuate muscle atrophy during weight loss and avoid subsequent fat gain during the maintenance phase. What is already known about this subject?
• Excessive fat free mass loss is undesirable due to its negative impact on the integrity of skeletal muscle and preservation of functional capacity in aging
• Studies of fat free mass following surgically-induced weight loss have rarely extended beyond the initial weight loss period and none have used gold standard techniques for fat free mass into the weight maintenance phase
What does your study add?
• No evidence of a disproportionate fat free mass loss following bariatric surgery
• Both fat free mass and skeletal muscle mass are well-maintained at the end of the first post-surgical year, with subsequent changes through five years commensurate with aging Pre-and post-surgery skeletal muscle (SM) and fat-free mass (FFM) values in a subset of 14 female patients who underwent Roux-en-Y gastric bypass surgery (RYGB). In these completers and also in a mixed model analysis including all data points, the slopes of the regression lines were not different before and after surgery. Obesity (Silver Spring). Author manuscript; available in PMC 2018 November 30.
